Implementing ultraviolet light (UV) for drinking water disinfection in the United States has gained momentum. An online survey and field sampling of full-scale drinking water treatment plants (WTPs) were performed with a focus on evaluating sequenced disinfection practices (UV and chlorine/chloramines). Twenty-seven WTPs responded to the survey. Nearly all of these WTPs were treating an impaired water source (subject to upstream agricultural or wastewater discharges) and using UV with a design dose of 40 mJ/cm 2 installed as part of a plant retrofit. The majority (n = 16) of the disinfection systems used polychromatic medium-pressure UV. Twelve WTPs applied all or part of their secondary disinfectant (free chlorine or chloramines) upstream of the UV reactor. The majority of the WTPs reported no effect on chlorine residual or formation of disinfection by-products. Full-scale sampling indicated minimal (±3 μg/L) change in trihalomethane formation from UV disinfection during multiple sampling events.
Expanded Summary
Recently promulgated regulations by the US Environmental Protection Agency have led to numerous drinking water treatment facilities reevaluating their current disinfection strategy. The Long Term 2 Enhanced Surface Water Treatment Rule requires increased inactivation of Cryptosporidium parvum and other microbial pathogens, and the Stage 2 Disinfectants/Disinfection Byproducts Rule stipulates locational annual running average concentrations of disinfection by-products (DBPs) at local maximums to be less than the maximum contaminant level. In many cases, ultraviolet (UV) light or application of an alternative primary disinfectant-chlorine dioxide or ozone-will be required to meet these regulations.
When a microorganism's DNA absorbs UV light, the resulting photochemical change renders the affected microbe inactivated and unable to replicate. Two lamp types that emit UV light in this germicidal range (low-and medium-pressure UV mercury vapor lamps) are available. Either lamp type can be used for primary disinfection of municipal drinking water. Unlike primary disinfection with free chlorine or chloramines, UV disinfection does not add a halogen (chlorine or bromine); subsequently, halogenated DBPs, trihalomethanes (THMs), and haloacetic acids are not directly formed (Linden et al, 2005; Malley et al, 1996) . Because UV disinfection provides no residual disinfectant, free chlorine or chloramines must be added as a secondary disinfectant to maintain a disinfectant residual in the distribution system where regulated, thus creating the conditinos for the formation of DBPs (Shah et al, 2011; Reckhow et al, 2010) .
This article reports on the status of UV installations as of 2011, focusing on where UV fits into the treatment train in a WTP. Water samples from full-scale facilities were collected to support the survey findings.
Survey and experimental methodS
US WTPs that use or are in the process of installing UV disinfection were surveyed. Full-scale UV disinfection followed by chlorination/chloramination was also evaluated at three of the WTPs (Table 1) .
Survey results. Survey responses were obtained for 27 WTPs from 24 utilities in 14 states, all of which treat surface water or groundwater under the influence of surface water. The survey results were filtered to only include facilities that used UV disinfection and added free chlorine or chloramines to maintain a distribution system residual. The cumulative treatment capacity of the 25 operating facilities was 718 mgd. Two facilities that are scheduled for UV disinfection installation will add an additional 1,740 mgd of treatment capacity when complete.
The majority of WTPs indicated that the primary reason for installing a UV disinfection system was for it to act as an additional barrier of disinfection treatment (19 of 27), Cryptosporidium-specific inactivation (11 of 27), and regulatory purposes (11 of 27). The majority (21 of 27) of UV disinfection systems were installed during facility upgrades (i.e., plant retrofits), four were installed along with original construction, and two facilities did not report their installation schedule. Medium-pressure UV systems were predominant (16 of 27), followed by low-pressure high-output (5), low-pressure UV (3), nonreporting (2), and not selected (e.g., under design, lamp type not selected as of survey) (1). The UV reactors were most commonly designed to apply 40 mJ/cm 2 , but the WTPs reported a range of doses during operation (Figure 1) .
Because all of the surveyed facilities must maintain a disinfectant residual, free chlorine or chloramines are applied in addition to UV disinfection. Approximately half of the facilities add all or a portion of their residual disinfectant upstream of the UV reactor; the remaining facilities apply the secondary disinfectant downstream of the UV reactor. The WTPs had mixed responses to chemical disinfectant use and corresponding DPB formation, with a majority of WTPs indicating no changes after initiating UV disinfection. There was some indication that the reduction in chemical use and DBP formation may be related to the practical application of the chlorination process.
uv disinfection in small systems. UV disinfection technology has allowed many drinking water sources-typically small groundwater wells not subject to secondary disinfection regulations-to provide safer drinking water without using chemical disinfectants.
Full-scale evaluation of dBps in the presence of uv disinfection. Three full-scale facilities using medium-pressure UV (MPUV) were studied to determine the effect of UV on the DBPs produced from the combined UV-chlorine disinfection process. Minor changes in DBP formation were detectable, but were not significant from an engineering perspective in affecting regulatory DBP levels.
ConCluSionS
The survey results reporting on sequential UV and chlorine disinfection illustrate the trends in the industry for applying UV for drinking water disinfection. Full-scale evaluation of total THM formation showed that the effects of integrating UV into a drinking WTP are insignificant for regulated DBPs. The following conclusions can be drawn from this survey and experimental effort.
• At least 27 WTPs in the lower 48 states use UV disinfection and secondary disinfection with free chlorine or chloramines for disinfection of drinking water, with UV system designs most commonly targeting a dose of 40 mJ/cm 2 .
• The majority of WTPs have installed polychromatic MPUV and slightly more than half of the surveyed facilities installed MPUV as part of a plant retrofit.
• There are numerous smaller UV disinfection systems in each state, each of which may or may not apply a secondary disinfection process.
• Changes in disinfection by-product formation during UV disinfection and/or the application of multiple disinfectants were not evident in practice.
• The sequence of application of a secondary disinfectant and UV disinfection was mixed. Although chlorine is photolabile, minimal loss of chlorine concentration occurred from application of UV disinfection to prechlorinated water.
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